Abstract: A gain-scheduled feedforward controller, based on pseudo-LIDAR (light detection and ranging) wind speed measurement, is designed to augment the baseline feedback controller for wind turbine′s load reduction in above rated operation. The pseudo-LIDAR measurement data are generated from a commercial software Bladed using a designed sampling strategy. The nonlinear wind turbine model has been simplified and linearised at a set of equilibrium operating points. The feedforward controller is firstly developed based on a linearised model at an above rated wind speed, and then expanded to the full above rated operational envelope by employing gain scheduling strategy. The combined feedforward and baseline feedback control is simulated on a 5 MW industrial wind turbine model. Simulation studies demonstrate that the proposed control strategy can improve the rotor and tower load reduction performance for large wind turbines.
Introduction

Wind turbine load rejection strategies
With the increase of installed wind power capacity over the past few years, operation and maintenance of wind energy production becomes a critical issue in wind industry. Conventional wind turbine control systems employ feedback control schemes involving proportional-integral-derivative/proportional integral (PI/PID) controllers [1] . The main control objectives are to maximise the energy capture in below rated operation and maintain the power output at its rated level in above rated operation. As the size of wind turbines has increased, the demands on controller have increased especially on reduction of structural loads. It is always a challenging task to achieve good load reduction without compromising energy capture performance.
The mechanical loads on a wind turbine are mainly caused by the interaction between the turbine and the wind field experienced by the turbine. It includes the structural loads which are due to impacts from the wind to the turbine structure, and the drive-train loads which are the loads that propagate down to the drive-train components [2, 3] . The structural loads mainly include loads on tower, blades, hub, etc. The usual approach to reduce tower loads is to augment the pitch demand by an additive adjustment in response to a measurement of the tower head fore-and-aft velocity or acceleration. Options include introducing a tower feedback loop [4, 5] , or the coordinated control strategy that combines pitch and torque demand in above rated conditions [6, 7] . In large wind turbines, each blade has its own actuator capable of adjusting the blade to the demanded pitch angle. The standard collective pitch control provides the same demand on all three blades which cannot reduce unbalanced loads on the rotor. To deal with this unbalance in loads, each blade must be pitched independently. For this purpose, individual pitch control and individual blade control have been developed [8, 9] , both providing additive adjustment to the demanded pitch angle from the basic speed controller.
With the above load reduction approaches based on feedback control scheme, the loads can only be controlled once their influences on the turbine are induced. In other words, there is always a delay between the load impact and the controller response. A possible solution to this problem is to employ the incoming wind disturbance information into the control system in advance so that the controller can respond to the disturbance and thereby alleviate the induced loads timely. This method depends on direct and accurate wind measurement to estimate the disturbance.
In traditional wind measurement for individual turbines, a wind anemometer is mounted on top of the na-celle. This measurement of wind speed cannot be used directly in wind turbine control because it only indicates a point wind speed at a fixed position. A more recent measurement technology, light detection and ranging (LIDAR), has been developed to measure wind speed over a distance and covering a wide space, which makes it possible to exploit the incoming wind speed information in the turbine control system.
The main benefits from LIDAR include the following. 1) Preview and accurate wind speed measurement For individual wind turbine, either a wind anemometer or a LIDAR device is generally mounted on the nacelle. The wind anemometer can only measure the wind at its own position which is normally behind the turbine rotor. In this case, the wind has already interacted with the turbine before it is measured by the anemometer. This wind speed information is therefore "delayed" and is not suitable for controller design. Moreover, the incoming wind field would be significantly affected after it is experienced by the rotating rotor blades, known as the wake effect, which will reduce the measurement accuracy of the anemometer.
Comparing to the wind anemometer, a LIDAR device can emit laser beams to the front of the turbine and therefore measure and provide the incoming wind speed information before the wind reaches the turbine. This allows extra time for the controller to make a response.
2) Spatial distributional wind speed measurement Instead of the conventional single point wind speed measurement, LIDAR can measure the incoming wind field over a spatial distribution through its scanning pattern. This is particularly significant for large wind turbines. The rotor diameters of modern large wind turbines are generally at a hundred-meter level. Consideration of wind speed distribution across such a large rotor plane area is necessary to evaluate the wind-induced rotor dynamics on the wind turbine.
Information on LIDAR basics can be found in recent literature, for example, LIDAR configurations and turbine-mounted options [10, 11] , data analyses from LIDAR measurement [12] , field testing studies [11, 13] .
LIDAR measurement in wind turbine control
LIDAR-based feedforward control has been proposed as complementary to the baseline control system so as to enhance the above rated pitch control performance. The initial attempts focus on the design of independent feedforward controllers which enable the wind information as an input to the controllers and thereby compensate the wind disturbances in the control system. The proposed methods include the use of basic feedforward schemes for collective pitch control [14] [15] [16] and individual pitch control [17] , in which the wind speed measurement is provided or supposed to be provided by LIDAR, and some advanced feedforward control algorithms such as feedforward control with non-causal series expansion approximation [18] , H-infinity preview control [19] , and adaptive control [20] have been developed. Potential improvements on reducing the turbine loads and pitch control actions in above rated operation have been discussed on these LIDAR assisted feedforward control strategies.
Advanced control techniques such as model-based predictive control (MPC) employing wind speed measurement has also been investigated, in which the future events of the wind turbine based on the preview wind measurement are predicted for a better wind disturbance rejection response of the controller. Both linear methods [21, 22] and nonlinear algorithms [23] are applied. Field testing studies have been presented for both feedforward control [24, 25] and MPC [26] .
Apart from the work on load reduction in above rated condition by LIDAR-assisted control design, the energy capture performance in below rated conditions [27, 28] and the consideration of LIDAR measurement in controlling the yaw movements [29] are also investigated. However, the results suggest that LIDAR-assisted control has limited improvements in energy capture and yaw control performances in below rated operation, but requires more control actions. Therefore, applying LIDAR measurements for above rated pitch control could be more beneficial.
To make effective use of LIDAR information for control system development, it is important to implement LIDAR measurement and process LIDAR data properly. In an analysis of the raw LIDAR measurement data, several types of LIDAR measurement errors are introduced and the methods to exclude part of these errors are also suggested [30] . While modelling of wind evolution process is a topic of most interest [31] [32] [33] [34] , other aspects of LIDAR measurement errors/inaccuracies are also discussed and investigated [35] [36] [37] .
Motivated by the recent development of LIDAR in wind turbine control, in this work, a LIDAR-assisted feedforward controller is developed for nonlinear largescale wind turbines with the aim to reduce load effectively. Different from a preliminary design [38] , in this work, the controller is developed based on a set of linearised models, which allows control in above rated operation and also the transition region, i.e., the region between below-rated and above-rated. A stable inversion of the turbine dynamics is included in the controller design to ensure the system stability when dealing with the unstable zeros in the turbine model. Control implementations in the transition region and at high wind speed are simulated with realistic turbulent wind speeds. The rest of the paper is organised as follows. In Section 2, the pseudo-LIDAR data production with a designed sampling strategy is introduced. Linearised models are developed and validated for the controller design. Section 3 gives the design details on the gain-scheduling feedforward control method. Simulation studies on a 5 MW machine are presented in Section 4, and conclusions are given in Section 5.
Generation of LIDAR data and wind turbine modelling
Pseudo-LIDAR data generation
In this work, the LIDAR measurement data used for simulation are produced from the commercial softwareBladed. This powerful tool can model a three-dimensional turbulent wind field. The cubic structure consists of a number of points that are uniformly distributed inside the model, as depicted in Fig. 1 . Each point in the model contains wind speed information including the longitudinal, lateral and vertical components. To simplify the terminology, we use X, Y and Z to denote these three components respectively. Thus, the model is defined in an X-Y-Z coordinate system.
In the model as shown in Fig. 1 , wind speed variations for the points along the X axis are regarded as the time variations of wind speed in a fixed position. Therefore, all the point wind speed time variations at the Y-Z plane can be obtained by the point wind speed spatial variations along the X axis. Since the Y-Z plane covers the area of the turbine rotor, this plane can be defined as the rotor plane. Consequently, all the point wind speeds at the rotor plane can be obtained.
In Bladed, the wind model is generated using Veers method [39] , in which the turbulence structure is isotropic. In this structure, the correlations between each point along the three components are identical and thereby one of the three components can be represented by the other two components. Based on this property, a new sampling strategy is designed to reconstruct the wind model. With the default settings in Bladed, the X axis is defined as the time axis and also the wind field incoming direction, which is perpendicular to the turbine rotor plane. In the newly designed strategy, the time axis is still represented by the X axis, but the wind incoming direction is selected to be defined on the Y axis. As a result, the X-Z planes in the cubic structure represent the planes which are parallel to the rotor plane, as shown in Fig. 2 .
In Fig. 2 , the leftmost X-Z plane is defined as the rotor plane, thus the other X-Z planes selected along the Y axis are defined as the LIDAR scanning planes with different distances to the rotor plane, which can thereby provide the incoming wind profile information at different positions. Therefore, in this reconstructed wind model, the points along the Y axis represent the positions with some distances to the turbine rotor, and the wind speed variations in time domain are represented by the point speeds along the X axis. The spatial interval between the points along the X axis is defined as the time intervals. If a set of points are selected from each X-Z plane, i.e., the rotor plane and LIDAR measurement plane, the wind speed time series data for each point will be different. This is to reflect the wind evolution from the measurement location to the turbine.
Using the above sampling method to create pseudo-LIDAR measurement data, eight X-Z planes are selected along the Y axis with equal distance between each other. The first plane represents the rotor plane, the other seven planes represent the LIDAR measurement planes at distances of 14.285 7 m, 28.571 4 m, 42.857 1 m, 57.142 8 m, 71.428 5 m, 85.714 2 m and 100 m, respectively, from the rotor plane. The point wind speeds distributed over the plane are averaged to represent the effective wind speed at that plane position. In this way, the rotor wind speed data and the LIDAR measurement data can be obtained.
In order to present the wind evolution property, the correlations between rotor wind speed and each LIDAR measurement are firstly examined. Figs. 3 and 4 illustrate the auto-spectrum of the wind speed data series for each LIDAR measurement plane and the cross-spectrum between the rotor wind speed and the other seven LID-AR wind speed series. The wind speed is generated with a mean value of 20 m/s and a turbulence intensity of 5% in this simulation. Auto-spectrum and cross-spectrum will be used to approximate the wind evolution model later on.
It should be noted that the pseudo-LIDAR data used in this work is taken as perfect measurement of the incoming wind field. With real LIDAR measurement, the
Cubic wind model Reconstructed wind speed sampling model with pseudo-LIDAR measurement measured wind speed data contain measurement errors. For example, a LIDAR device emits laser beams to scan the small particles in the wind field in front of the wind turbine. These laser beams will then be backscattered and received by the LIDAR device. According to the Doppler frequency shift between the emitted and backscattered laser beams, the moving speed of the small particles, which is believed to be equivalent to the wind speed, can thereby be calculated. However, due to the line-of-sight (LOS) measurement of LIDAR, this wind speed is actually the wind speed component in the direction of the laser beam, rather than the wind speed perpendicular to the wind turbine rotor plane. Therefore, this error caused by the LIDAR LOS measurement must be processed. Another assumption to avoid such error is to use more LID-AR devices to scan the same focus point simultaneously. This would help to obtain more information of the incoming wind field and hence the correct wind speed. This is a nonlinear model with fully established aerodynamics, drive-train dynamics and power generation unit dynamics. Details can be found in [40] .
Baseline wind turbine model
Linearisation of wind turbine model
The controller design in this work is based on linearised models at above rated wind speed operating points. A simplified wind turbine model includes the turbine dynamics briefed as follows. The relationship between the rotor speed and the torques is defined in (1) .
where I is the total inertia and is the rotor speed. is the total viscous damping in the drive-train.
is the aerodynamic torque and is the generator reaction torque. The aerodynamic torque is affected by the wind speed, rotor speed and the pitch angle, as shown in (2).
where ρ is the air density, R is the rotor radius, V is the wind speed and is the power coefficient that is determined by the blade pitch angle and the tip-speed ratio . The tip-speed ratio is then defined by .
The transfer functions linking the generator speed ω g , the rotor speed , the aerodynamic torque , and the generator reaction torque , are defined in (3).
[ 4) where N is the gearbox ratio, I is the total inertia and B is the total viscous damping coefficient of the system.
Based on the nonlinear model provided above, the wind turbine model is linearised at the wind speed oper- 
Validation of linearised models
The linearised models from Simulink are compared with the linearised models generated by Bladed using the complex wind turbine model in Section 2.2. Figs. 5 and 6 present the frequency responses of the two linearised models, for transfer functions (TFs) from pitch demand to generator speed (subscript "pg" used in all figures), and from wind speed to generator speed (subscript "wg" used in all figures), respectively. The selected wind operating point is 12 m/s in Fig. 5 , which is a wind speed close to the rated wind speed, and 20 m/s in Fig. 6 , which is a high wind speed. It can be seen that the frequency responses from the two models match well in the frequency range of operating relevance. The Bladed linearised models have up to 20th order. Our simplified models have a lower order number of 7, which are less complex. These simplified linear models will be used for the controller design.
Feedforward control design
Baseline control system
A previously developed 5 MW wind turbine model is used for simulation study. The baseline control system included in the model consists of several main parts: the main speed controller including a below rated component of torque controller and an above rated component of pitch controller, the drive-train filter and the tower filter.
1) Below rated torque controller A torque controller controlling the generator reaction torque in response to the generator speed is employed in CP − λ below rated operation, to follow the designed tracking curve. The controller is designed to provide a bandwidth of at least 1 rad/s and has good high frequency roll off through loop shaping.
2) Above rated pitch controller In above rated region, a pitch controller is employed to control the blade pitch angle in response to the generator speed. The pitch controller aims to maintain the power output at its rated level.
The aerodynamics of the wind turbine is highly nonlinear in above rated condition. When using linearised models obtained at equilibrium operating points, gain scheduling is employed based on the use of the separability characteristics of wind turbines. According to the separability theory, the nonlinear aerodynamics of the wind turbine can be divided into two independent parts as presented below.
In (5), , V denote the pitch angle, generator speed and the wind speed, respectively. T is the aerodynamic torque which is determined by and V, which can be divided into two parts: the function h(·) that is dependent on and , and the function g(·) that is only dependent on V. In this way, the wind speed is taken as a separate disturbance term that does not affect the aerodynamic torque. A global gain scheduling technique is thus made possible. More details can be found in [41] .
3) Drive-train filter In addition to the main speed feedback controller, a drive-train filter is used to damp the drive-train mode at the drive-train frequency, as shown in Fig. 7 .
The following band-pass filter is taken:
Phase ( Bode plot comparisons between the Bladed linearised models and the simplified linearised models. TFs from pitch demand to generator speed and from wind speed to generator speed, at the wind speed operating point of 20 m/s. η where ω dtr is the drive-train frequency at which we aim to design the filter to remove spikes in spectral response, is a damping ratio that can be chosen at the value of 0.6. With this band-pass filter design, the drive-train mode damping can be achieved. 4) Tower filter Similar to the drive-train filter, a tower feedback loop is added in response to the tower fore-aft acceleration which can be measured by an accelerometer in the nacelle (see Fig. 8 ). The filter is employed in above rated operation, which is designed to damp the first tower mode by adjusting the pitch angle. A typical transfer function for the tower filter is similar to (6) . The tuning parameters are set up to increase tower motion damping at the first tower fore-aft mode.
Feedforward controller design
In this work, a feedforward channel is added to the baseline speed controller, as shown in Fig. 9 . The baseline controller includes all of the components described in Section 3.1. A feedforward controller is then developed to compensate the wind disturbance with the use of pseudo-LIDAR measurement.
ωo ωo ωset
In order to design the feedforward controller, the wind turbine model is firstly linearised at an above rated wind speed operating point as introduced in Section 2. Fig. 10 illustrates the block diagram of such a linear control scheme. The linearised turbine model consists of two components, denoted by G 1 and G 2 in the diagram. G 1 is the transfer function from the wind speed V, to the generator speed , and G 2 is the transfer function from the pitch demand β, to the generator speed . The transfer functions of the feedback pitch controller and the feedforward controller are represented by G FB and G FF , respectively.
is the generator speed setpoint. G L denotes the transfer function of LIDAR measurement and G E denotes the wind evolution process from the LIDAR sensing position to the turbine rotor. Thus, for the system shown in Fig. 10 , the relationship between the input and output can be described as
V.
Subsequently, to compensate the effect from the measured wind disturbance to the generator speed, the feedforward controller is designed to make the disturbance transfer function as 0, which requires
Finally, the transfer function of the feedforward controller is obtained as shown in (9) . G 1 and G 2 are known directly from the linearised turbine model. However, G E and G L are hard to be modelled, especially G E which represents a very complex wind evolution process. Nevertheless, a transfer function representing the relationship between G E and G L can be estimated by a filter, which employs the auto-spectrum of the LIDAR wind speed S A , and the cross-spectrum between the rotor wind speed and the LIDAR wind speed S C [25] . This can be derived from the results in Section 2.1. Fig. 10 Block diagram of the feedforward control system
In addition, since the feedforward controller is designed mainly for load reduction in above rated conditions, the implementation in the transition region between the below rated and above rated should be taken into account to avoid redundant pitch actuation in below rated operation.
A switching scheme is developed to ensure the smooth switching in the transition region, as shown in Fig. 11. 
Stable inversion of the turbine dynamics
As presented in the previous section, the calculation of the feedforward controller for any linearised models requires the inversion of the wind turbine dynamics, i.e., the inversion of the linearised turbine model G 2 , from the pitch demand input to the generator speed output. However, G 2 contains positive zeros in the right half plane (RHP), known as the non-minimum phase zeros. When conducting the inverse calculation, these zeros would become RHP poles leading to an unstable system. In this section, a zero phase error tracking control (ZPETC) method [42] is used to obtain a stable inversion of the model. The method was originally developed based on a discrete-time control algorithm, while in this work, it is converted to a continuous-time version for the established turbine model and controller.
Denote the transfer function G 2 as shown in (10).
G2(s) =
Bs(s)Bu(s)
A(s) (10) where A(s) represents the denominator, B u (s) is the numerator which contains all the unstable zeros and B s (s) contains all the stable zeros. Ideally the wind disturbance can be compensated according to (7) and (8) where G 2 G 2 -1 =1. However, this cannot be directly achieved due to the unstable zeros in G 2 . By applying the ZPETC method in continuous-time domain, a stable approximation of the inversed G 2 can be obtained,
Again the new result of G 2 G 2 -1* will not have an imaginary part, thus, there is no phase shift at all frequencies.
Gain scheduling
To handle the nonlinearities of the wind turbine model over the above rated operating range, gain scheduling is employed in developing the feedforward controller. Conventional gain scheduling methods include methods such as sliding mode control [43, 44] and linear parameter varying (LPV) control [45] . For convenience, a simple method is used instead in this feedforward controller design. For this turbine model, the rated wind speed is 11.9 m/s. Therefore, we design the feedforward controller at a given speed as discussed above, and then calculate the feedforward gain for each wind speed from 12 m/s to 22 m/s with an interval of 2 m/s. These feedforward gains are scheduled by applying a lookup table in implementation.
Simulation studies
The designed gain scheduling feedforward controller is applied to the 5 MW Supergen nonlinear wind turbine model. Simulations are conducted with Simulink. The combined feedforward control and the baseline feedback control is compared with the baseline controller. The control performance on the pitch actuator, rotor loads, tower loads and power output are assessed by relevant measures.
In the reference wind turbine model, the rotor blades are modelled as a whole, instead of being modelled individually for each blade. Therefore, in the simulation, the averaged blade root flapwise bending moment of the three blades, known as the out-of-plane rotor torque, is evaluated instead of the root bending moment on each blade. Similarly, the averaged blade root edgewise bending moment is evaluated, known as the in-plane rotor torque.
There are two sets of simulations, one employs a 12 m/s turbulent wind speed which corresponds to the transition region between the below and above rated operation, the other one employs a 20 m/s turbulent wind speed which represents the high wind speed region.
Transition region
A turbulent wind with mean wind speed of 12 m/s and turbulence intensity of 5% is used in the simulation, as shown in Fig. 12 . The results are generated both in time domain and in frequency domain taking the measure of power spectral density (PSD).
In Fig. 13 , reduction in the pitch rate can be observed from the results using the combined feedforward and feedback control. The reduction of pitch control actions implies an improvement for energy saving and lifetime ex- tension of the pitch actuator. Switching from the above rated wind condition to the below rated condition can be observed in Fig. 13 . In below rated operation, the pitching is fixed, thus the pitch rate is 0. With the proposed method, the reduction in the rotor torque and the tower acceleration are presented in Figs. 14-19 . Fig. 14 shows the alleviation of the out-of-plane rotor torque fluctuations, and the reduction in the frequency domain can be seen in Fig. 15 . These demonstrate the improvements on rotor load reduction in the out-of-plane direction. Similar results on in-plane rotor load reduction are shown in Figs. 16 and 17 .
The considerable reductions in Figs. 18 and 19 represent a much smaller tower movements in the fore-aft direction.
As a significant part of wind turbine performance, the effect on the power output is also examined. As shown in Fig. 20 , the power fluctuations are slightly reduced, but not much affected by the LIDAR-assisted feedforward channel. 
High wind speed region
Fig. 16
Comparison of the in-plane rotor torque (mean wind 12 m/s) turbulence intensity of 5% is selected representing a high wind speed region, as shown in Fig. 21 .
Simulation results in high wind speed region shown in Figs. 22-28 also demonstrate the reduction in the pitch variations, the rotor loads and the tower loads when using the proposed method.
The out-of-plane rotor torque is shown in Fig. 23 , where the load reduction performance is not as obvious as that in the transition region. But the reduction on rotor loads can still be observed in Fig. 24 at specific peaks. Finally, Fig. 29 shows the results on power output, from which it is validated that the added feedforward channel does not affect the power generation as expected. 
Conclusions
In this work, the information of LIDAR wind measurement is explored in controller design for large wind turbine systems with a focus on reducing structural loads on rotor and tower. A combined feedforward/feedback controller is established in which the feedforward channel is designed based on the preview wind information from pseudo-LIDAR measurement.
The original baseline control system has its own load reduction design, i.e., the drive-train filter for drive train load reduction, and the tower feedback loop for tower load reduction. With the augmented feedforward control, further load reductions on rotor and tower can be achieved. These improvements could also influence the drive-train components, since the rotor loads will propagate down to the drive-train. As a result, the fatigue loads on the wind turbine could be reduced leading to an extended lifetime and reduced maintenance cost. Moreover, the reduction on pitch variations is also achieved indicating a less aggressive pitch actuator activity. Finally, it can be observed that the power generation performance is not much affected by the proposed control method. Compared to the results in high wind speed region, the combined controller shows more clear improvements, in the transition region, on pitch activities and load reduction performance.
The modern measurement technique of LIDAR provides comprehensive and more accurate information on wind speed in a wide changing wind field. From the controller design point of view, this improved measurement provides the opportunity of taking preview wind information into the controller design. The performance of the developed control system largely depends on the proper use of such preview wind information. It is therefore crucial to develop a working model of wind evolution using the LIDAR measurement, which is a challenging task due to the complex and changing behavior of wind. Another vital factor is how to extract reliable wind speed information from the real LIDAR measurement. This can perhaps be progressed through more systematic data processing of the collected multi-channel data. The feedforward controllers developed at these operating points are described by a set of 6th-order transfer function models. 
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